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·A B S T A ACT 

Measurements of electric.Field dependence of conductivity 

of semiconductor thin Films are very important in under

standing the electric~l characteristics o~ th~se materials. 

In these measurements it is necessary to use a chamber 

whose temperature can be kept constant For a desired period 

of time. 

In t~is thesis, design and construction of an environmen

tal chamber enabling electrical and electro-optic measure

ments are considered,andspecial emphasis is given on 

platinum resistance thermometry and temperature control,. 

Power dissipation type temperature'control is employed, 

and Fully electronic temperature control is accomplish

ed in two stages. Temperature exc~rsions are 0.5 °c at 
I . . 

the mOst .in.the temperature rahge of ~190 °c to ,600 °C. 



o Z E T ~ E 

Yar1iletken ince Film tabakalar1n1n elektriksel Bzel

liklerini belirlemek a~1s1ndan bu maddelerin elektrik 

alan ba~1m11l1klar1n1n ve Fotoiletkehli~ihin ~e,itli 

s1cak11klarda Bl~Ulmesi Bnem ta,1maktad1r.Bu Bl~Umle

rinyap1lmas1 S1raS1nda sicak11~1n istenilen bir kade

mede sabit tutulmas1n1 sa~layan bir dUzenekte bir denek 

tutucusu gerekmektedir. 

Bu tez ~a11,mas1nda,elektrik ve ~lektro-optik Bl~Um

ler yap1lmas1na olanak sa~layan bir dUzene~in tasar1m1 

ve yap1m1 ele a11nm1,t1r. ~a11,man1n bUyUk bir k1sm1 

platin diren~ ile s1cak11k Bl~UmU ve s1cak11k deneti

mine ayr1lm1,t1r. 

S1cak11k, gu~ harcama denetimi yBntemiyle, tUmU elek

tronik olan bir devreyle iki kademede denetlenmekte

dir. S1cak11k denetim alan1 -190 °c fIe 600 °c olup, 

istenilen s1cak11ktan sapma ~n ~ok 0.5 °c dir~ 
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IN TAO Due T 1·0 N 

In the Physics Department research on amorphous silicon 

is conducted to Formulate the density of localized states 

in the Forbidden .band as a Function of energy, and to 

eliminate these states by various methods in order to 

obtain an electronic conFiguration similar to that of an 

intrinsic semiconductor. In short, the ~im is to obtain 

amorphous silicon Films that can be doped and can have 

technological applications. 

The two widely used methods to determine the density of 

localized states in amorphous silicon samples are, 

1- The application of Mott's T- l / 4 thebry based on the 

assumption that the dominant contribution to the de 

conductivity below room temperature is due to the 

hopping of carriers between the localized states. 

2- The measurement of the contribution to ac conduc

tivity of the density of localized states in an 

electric Field of variable Frequency. 

The reliabili1;:y and the results of these methods are 

still controvertial. However in this research a diFFerent 

method using the 'phase-shiFt in the modulated photo

current' will be applied. (1) . 
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According to Mott's variable range hopping conductance 

theory, 'the conductivity isgi ven by 

where 

and 

and. 

, c-= 0- ex p [ :.. T IT .~) 1/4 
o 0 

T -o 
1802' 

, ' .1 2 2 
cr- =ye NR o .' 

N = N[E ) . F 

T 

e 

k 

density of localized states around' 

the Fermi level 
. 0 temperature ~n K 

elementary charge 

Boltzmann's constant 

-} : 'phonon Frequency 
-1 ' 
~ : time constant of the localized 

wave Function 

R radial distance. 

0- can be calculated From the Apsley-Hughes model which 

relates variab~erange hopping conduction to the applied 

electric Field as 

. 2 \ 3 3 A2 
[ T R) Ne y[ 240( )1/4 exp[-[ 240( Jl/4 [1- -4r )) 

,0- 'r =--2- NkT NkT 
2()( 

For small electric Fields, 

where 
Fe 

~= 2o<kT 

and F is the applied elect~ic Field. 
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Under these conditions Incr vs·F 2 is a straight·line at· 

a constant tempe.rature T and under a sui table' electri c 
. -1/4 2 f"ield F.If" the slopes of" Ino- vs T and Inc- vs Fare 

.. -1 . 
solved simultaneously, 0(. and N(EF) can·be obtained 

independently. To accomplish this, one should be able to 

keep the temperature of" the sample cons~ant, for a 

desired period of time, while electric and'electro-optic 

measurement~ are made.on this sample. 

In this thesis the design and construction of" a chamber 

comprising a sample hold~r, whos~ temperature can be 

regulated electronically, is considered. 

In the First chapter, the parts of" the chamber are de-. 

scribed. 

Temperature sensors applicable in the temperature range 

of" -190 DC to ~OO DC are introduced in the secoMd chapter 

and the calibration of" platinum resistance temperature 

detectors are discussed. 

In the third chapter, the electronic temperature measure

ment and control circuitry are described.· 

The f"ourth chapterJ which is the user's manual, explains 

how the chamber and t~e measurement and control uhits 

are used. 

The last chapter discusses brieFly what has been done in 

this study and suggests topics f"or f"urtherresearc~. 
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C H A PT ER 1 

THE ENVIRONMENTAL CHAMBER 

1.1. PROPERTIES OF THE CHAMBER 

The chamber designed and constructed possesses 'the capa

bility of keeping the temperature of a sample within the 

chamber constant, while electrical and electro-optic 

measurements are perFormed on this sample. 

The temperature of the sample can be kept constant within 

a temperature range of -190 to 600 °C, with maximum tem~ 

perature excursions of 0.5 °c, For a desired period of 

time. 

The chamber is so constructed that it can be evacuated; 

primarily to eliminate the condensation of water vapor 

on the sample at low temperatures an~ the oxidizing 

eFFect of the atmosphere at high temperatures, and to 

reduce heat transFer From the chamber to its surroundings 

and vice versa. 

1 



THE CHAMBER AND THE TEMPERATURE MEASUREMENT AND CONTROL UNIT. 
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THE CHAMBEFI AND THE TEMPERATURE MEASUREMENT AND CONTROL UNIT WITH COVER AND HEAT SHIELD REMOVI 



1.2. DESCRIPTION OF THE PARTS OF THE CHAMBER 

The schematic of' the chamber constructed is shown in 

FIGURE 1.1. The main parts of the chamber are: 

- the base 

2 

The base of the chamber ~s mad~oF iron~ I~ has been 

nickel plated aFter the nitrogen tank and the 'pump out' 

pipes were brazed on. Also 'Feed throughs~ ha~e been 

drilled' beFore the plating. Copper conductors are embedded 

in epoxy in these holes to, provide For electrical connec

tion between the inside and the outside of the chamber. 

- the nitrogen tank 

The nitrogen tank is made of copper, and a pair of 

stainless steel pipes provide nitrogen Flow, while 

another pair acts as support. 

the main heater 

The main heater, placed on the nitrogen tank, is 

formed of a solid cylinder of copper. The surFace of 
, , 

the cylinder is covered with porcelain and a niokel-

chromium tape is sandwiched between this layer and 

another layer of porcelain. The nickel-chromium tape 

is 2.4 meters long and has a resistance of 8.31 ohms 

per meter at room temperature. Thus the heater can 

supply power of about 600 watts, which is approxi

mately equal to 144 calories, per second. 

- the thermocouple unit 

A chromel-alumel thermocouple embedded in a copper 

disk with porcelain insulation Forms the thermocoupl~ 

unit which is situated on the main heater. The thermo

couple unit and the main heater constitute the prepar

atory stage. 
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HEAT SHIELD . 
PRESSURE CONTACT __ --~~~~~~~~ 
SAMPLE HOLDER 

PLATINUM WIRE ------~~~~~~ 

SECONDARY 
HEATER 

THERMOCOUPLE 
UNIT 

MAIN HEATER----+---

LIQUID. 
NITROGEN" TANK 

PUMP OUT 

FIGURE 1.1 

HEATER 
LEADS 

TEST LEADS 
TC AND 
RTD LEADS 

'SCHEMATIC DIAGRAM OF THE ENVIRONMENTAL CHAMBER. - - -. . 1 
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- the platinum unit 

Above the thermocouple unit is the platinum unit th~t 

contains the platinum wire, the secondary heater and, 

the .base oF~he sample holder. 

4 

The platinum wire of 70 ~m diameter and of 0.57 m length 

is mounted on a copper disk having groo~es 1 mm deep 

and 1 mm wide (FIGURE 1.2). The grooves have been First 

partly insulated with enamel, and the platinum wire was 

sandw.iched between this enamel layer and a layer of 

porcelain. Although the platinum resistance is subject 

to~strains ~n this type of mounting, thermal lag is 

smaller with respect to the alternative method 

where the platinum resistance is mounted as 

strain Free as possible and hermetically sealed. 

The secondary heater is a 120 watts nickel-chromium, 

wire embedded in the grooves on a copper disk between 

a layer of enamel and a layer of porcelain. 

The. base of· the ~ample hblder, the disk containing 

the platinum wire, and the secondary heater were'Fas

tened together with two screws and then annealed at 

about 700 °C~For 45 minutes beFore calibration. (IF 

For any reason the unit is disassembled; upon reas

sembling, the platinum resistance must be annealed 

within the unit and calibrated again). 

the sample holder 

The sample holder (FIGURE 1.3) is mounted on the pla

tinum unit with the aid of Four screws holding a ce

ramic plate which carries the pressure contacts. 

Between the screw heads and the ceramic plate are Four 

springs that push the plate down and cause the contacts 

to press upon the sample. 

An inverted cup like cover acts as a heat shield around 

the sample holder. The cover has a hole at the top to 

enable optical experiments. 
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porcelain insulation 

wire 

copper __ ~~~"'jI~ 

insulation 

drawn to·scale. 

FIGURE 1.2 

MOUNTING OF THE PLATINUM WIRE. 



copper contact " - -- -

FIGURE. 1.3 

SCHEMATIC
i 

DIAGRAM OF THE SAMPLE HOLDER. 

the heat shield 

A stainless steel plate was shaped into a cylinder 

around the copper units to runctibn as· a heat shield. 

The shield stands on porcelain thermal insulators. 

- the Final enclosure 

6 

A pyrex cylinder and a top cover constitute the Final 

enclosure. The pyrex cylinder can' withstand pressures 

in excess or one atmosphere. The top cover is a nickel 

plated iron disk on which.a saphire 'window' can be 

mounted. 



C HAP T E\R 2 

TEMPERATURE SENSING 

2.1. INTRODUCTION TO TEMPERATURE SENSORS 

The cnoiceor a temperature transducer For a particular, 

application is dependent upon many ractors, including 

the absolute temperature to be ~easured, the temperature 

span required, the desired accuracy and sensitivity, the 

speed or response required, the space availableror the 

transducer, pressure and corrosive conditions at the 

point or measureme~t, and whether the element whose 

temperature is to be measured is stationary or in motion. 

2.1.1. Resistance Thermometers 

Resistance thermdmeters provide absolute temperatures in 

the sense that no rererenc~ junctions are involved, and 

no special extension wires are needed to connect the 

sensor to the meas~ring instrument. The basic character

istics or resistance ~hermometers are: 

- simplicity or circuits, 

- sensitivity or measurements, 

- stability or sensors. 
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The sensors can be divided con~eniently ~ntD two basic 
- ' 

groups: resistance temperature detectors (ATDs) and 

'thermistors. 

ATDs are electrical circuit elements Formed of solid 

conductors (usually in wire Form) that are characterized 

by a positive coeFFicient of resistivity. The RTDs of 

general usage 'are of platinum,nickel,and copper. 

Platinum,being a noble metal, is used exclusively For 

precision resistance thermometers. Plat~num is stable 

(i.e., it is relatively indiFFe~ent to its environment, 

it-resists corrosion and chemical attack, and it is not 

readily oxidized), has a high melting point (i.e., it 

shows little volatization below 1000 °C), and can be 

obtained to a high degree of purity (i.e., it has re

producable electrical and chemical chara6teristics). 

In the text of IPTS-1968, platinum resistance thermom

eters -are deFined as standard interpolation instruments 

For realizing the Bcale From -259.34 to 630.74 °C. 

Nickel and copper sensors are much cheaper than the 

platinum sensors. However, nickel is appreciably nonlin

ear ~ndhas an upper temperature limit of about 315 DC. 

Copper is quite linear, -but is limited to about 120 °C~ 

and has such a low 'resistance that very accurate meas

urements are required. (2),[3) 

8 

Thermistors (thermally sensitive resistors) are .electri

cal circuit elements formed of -solid semiconducting ma

terials that are characterized 'by a high negative coeF

Ficient of resistivity. 

At any temperature, a thermistor act? as any ohmic con

ductor. IF its temperature is permitted to change, how

ever, either as a result of a change in ambient condi

tions or because of a dissipation of electrical power in 

it, the resistance of the thermistor is a deFinite, 
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reproducible Function of temperature. The practical range 

For which thermistors are u~eFul is From the ice point to 

about 315 °C. (4) 

2.1.2. Thermocouples 

The thermoelectric circuit in which an emF is produced by 

subjecting the junctions of dissimilar metallic combina

tions to diFFerent temperatures is ,extensively used in 

both scientiFic and industrial thermometry. In circum-
o· stances where .measurement accuracy is'about 0.5 C, a 

thermocouple may even be the preFerred temperature-sens

ing element. There are several reasons For this. A ther

mocouple is easily made, is small, and can be mounted 

relatively ~imply iM remote and Fairly inaccessible loca

tions; it ·requ~res.only;~tandard 6~ indust~ial measuring 

instruments; and is inexpensive. (4) 

2.2. Platinum Resistance as a Temperature Sensor 

The variation of electrical resistance with temperature 

provides a very conven~ent, accurate and practical method 

For temperature measurement. This method is enhanced when 

the material From which the thermometer is made has a 

stable and easily reproducible composition. 

In the International Practical Temperature Scale of 1968 

[IPTS-68) the resistance-temperature [R-T) relation of 

the platinum thermometer is determined From interpolating 

Formulas and resistance measurements at deFining Fixed 

points. The eleven deFining Fixed points are established 

by realizing speciFied equilibrium states between phases 
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of pure substances. Below ° °c the A-Trelation of the 

thermometer is Found From a reFerence Function ~nd spec

iFied deviation p~lyno~ials. From ° °c to 630.74 °c a 

quadratic interpol~tion Formula pius a correction Func

tion provide the R-T relation. (2),[4) 

In the IPTS-48 (1960 text revision of tTS-48) the inter

polating equations For the: platinum resistance thermom-

eters are; 

, 0 0 
the Callendar Formula For the range OCto 630.5 C, 

A -A 
T= ( T 0 )100 + s( 160 -1)( 10To' ) 

AlOO-Ao 

and the Callendar-VanDusen equation For the range 

-182.97 

where 

o 0 
C to ° c, 

. °c temperature 1n , 

platinum resistance at temperature T, 

2.1 

2.2 

measured resistance at the triple point of H20, 

measured re~istance at the normal boiling point 

of H20, 

S Callendar constant, determined From the data at 

the normal boiling point of sulphur, 

~ VanDusen constant, determined From the data at 

the normal boiling point 'oF oxygen. 



A platinum resistance thermometer calibrated in accor

dance with the IPTS~68, will ,have a best reproducibil

i ty of '10-4 °c and an ':accuracy of 10-4 °c, but the' re

quirements of the IPTS-68 are not within our limits. 
1 

Thus the IPTS-48 constituted the base of the platinum 

resistance thermometer constructed. 

One can rewrite Equation 2~1 and Equation 2.2 so that 
!. -

the resistance of the platinum wire is a Function of 

temperature as: . 

11 

R(T) - R + AT + BT2 
o 

2.3 

and 

where 

T 

RCT) 

R 
o 

A,B,C 

For the 0 °c to 630.5 o C range 

R(T) - R + AT + BT2 + C(T-IOO)T 3 
o 

For the -185.97 °c to 0 °c range 

. °c, temperature ~n 
) 

platinum resistance at temperature T, 

measured resistance at the ice point, 

2.4 

constants determined From constant temperature 

baths. 

TABLE 2~1 shows the constant temperature baths perFormed 

and the corresponding absolute resistances'oF the plati

num unit obtained using the experimental set up shown in 

FIGURE 2.1. With these values, the constants of Equation 

2.3 and Equation 2.4 were determined to be: 
/ 

,\ 

\ 



Throughout the experiment 
voltage across the p~atinum 
resistance unit was kept 
constant at 0.125 v. 

DC 

____ ::;. ll ......... _.'-yOL ™ ETER' 
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B = 3.53323 x 10-6 1/(oC)2 

C=-4.0275~ x 10-10 l'/(oC)3 

TABLE 2.1 

Bath type T (DC) 

boiling point of' N2 -195.8 

ice point 0.0 

boiling point of' H2O 100.0 

paraf'f'in 185.0 

13 

R: (abs ..n..) 

'4.40773 

17.6274 

24.0268 

29.5219 

The absolute resistance of' the platinum resistance unit 

versus tempe~ature i~ shown in FIGUAE 2.2 according to 

Equation 2.3 and Equation 2.4 with the above values of' 

A,B,C and A = 17.6274..n... APPENDIX A includes a table Dr 
. 0 . 

R(T) versus T with 2 DC increments. 

FIGUAE 2.3 is a comparison of' the platinum unit and a 

standard platinum resistance thermometer (SPFT). To be 

suitable as an SPPT the resistor must be made of' plat

inum of' suf'f'icient purity that the f'inished thermometer 

will have a value of' R(lOO)/F.(O) not less than 1.3925. (2) 

In our case this value is 1.3630, which is probably due 

to the impurities in the platinum wire and non-strain

f'ree mounting. 
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2".3. THERMOCOUPLE TEMPERATURE SENSOR 

FIGURE 2.4 shows a thermoelectric ci\cuit in which an 

emF [Vtc ) is produced by subjecting the junctions of dis

similar metallic combinations [material A, material BJ 
to diFFerent temperatures[T

l 
,T

2
). 

MATERIAL A 

MATERIAL B 

V I . tc 
I 

I 

FIGURE 2.4 

V can be expressed as tc 

where T 2> T 1 

and O(A B , 

v =1:2 . dT tc A,B 

Tl 

is the Seebeck coeFFicient For the combi

nation of materials A and B at a temper

ature T. 

For standard thermocouples, thermoelectric voltage versus 

temperature tables or the coeFFicients of power series 
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expansion For the thermoelectric ~oltage can readily be 

Found in most han~books. (APPENDIX 8 comprises the-table 

For Type K thermocouples.l 

IF temperature diFFerences of 10% are tolerable, one can 

accomplish this by using general calibration tables. IF 

one needs 0.01 °c precision,-or bette~, it will be nec

essary to do extremely careFul in-place calibration a

gainst a calibrated thermometer such as a platinum or 

germanium resfstance thermometer. (5) 

In the construction 6~ the chamber a Type K (Chromel~ 

Alumel, Ni-lOCr vs Ni~3Mn-2Al-lSi) thermocouple is emp

loyed to measure temperature at tHe preparative stage~ 

FIGURE 2.5 shows th~ conFiguration of the thermocouple 

up to the ampliFier stage of the electronic circuitry. 

measuring reFerence 
\jU~ction /jUnction 

\ ~A_L_U~M~E~L_'~K~N~~C~U~'-~K~N __ ~_l~K~P __ :~ ____ =c=u~ __ --e~ T<-. :: _ ~-tc 
2 CHROMEL KP Cu KP Cu 

FIGURE 2.5 



3.1. 

C HAP T E R 3 

TEMPERATURE MEASUREMENT AND CONTROL 

TEMPERATURE CONTROL BY POWER DISSIPATION 

CONTROL 

Power dissipation control is employed when the value of 

thermal resistance between tRe controlled mass and its 

heat sink is constant. The amount of power dissipated at 

the controlled mass and its heat sink is regulated by 

the set-point to the measured temperature diFFerence. 

Elements of a power dissipation type temperature control 

loop are shown in FIGURE 3.1. Any diFFerence between the 

set-point signal and the temperature detector sighal is 

introduced into the control system as an error signal. 

The output of the control system is eFFective in regu

lating the Final control element in a manner that cor

rects For disturbances which may be introduced to the 

process. The measurement of the controlled 'variable, as 

detected by the temperature s$nsor, is Fed back For 

comparison with the set-point, thus completing the Feed

back loop. [6J , [7J 

18 
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CONTROLLED 14-- ' HEATER POWER 
MASS RELAY 
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3.2. PLATINUM RESISTANCE TEMPERATURE MEASUREMENT 

AND CONTROL UNIT 

3.2.1. Platinum Resistance Temperature Measurement 

The circuit used to measure a temperature error (resist

ance change in the platinum wire) is the Wheatstone 

bridge. When the resistance element is connected to the 

rest of the circuit 'or the bridge with lead wires whose 

resistances are signiricant compared to th~ resistance 

change or the element (FIGURE 3.3), the ou~put V d is rt 
related to the input Vb by the equation 

. V 
b 3.1 

where RL is the resistance or one or the lead wires. (8) 

(See APPENDIX C ror the values or R .and RL .) 

FIGURE 3.3 

WHEATSTDNE'BRIDGE WITH PLATINUM RESISTANCE CONNECTED TO 
BRIDGE WITH SIGNIFICANT RESISTANCE IN LEAD WIRES. 



· The input to the bridgecircui t Vb is accomplished by the 

circuit shown in FIGURE 3.4. The voltage divider network 

comprising R2 ,A3 , R4 and the Zerier diode ~J.: provide the 

reFerence voltage for the o~~a~p ~olta~~re9ulato~."(9J 
A4 is a 20 turn trimmer pot~ntiometer mounted on th~ 

panel to provide the exact adjustment of Vb ~ .. Each turn of 

th,e potentiom"eter corresponds to 1 mV of adjustment • 

J 

Rl 

A2 

01 
A3 

R4 

A6 

V 

FIGURE 3.4 

oP-AMP VOLTAGE AEGULATOR FOR BRIDGE REFERENCE. 

Types and values of component~ are given in APPENDIX F. 
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3.2.2. Amplification, Error Generation and Control 

Vrtd ', the outPu~'of the b~idge circu1t,is fed to a pre

cisionins~rumentation a~plifier [FIGUAE 3.5). [T~e amp

lifier has p~actically constant closed loop gain of 400 

utilizing internal resistors.) 

The o~tput v: of the iDstrumentation amplifie~ is com

pared with the set-point temp~rature voltage V and 
pr 

amplified ~o drive the 'v6ltage to pulse du~ation con-

verter' stage. The output V of this difference ampli
pe 

fier stage can be written as: (10) 

V -~V pe - A3 P 
AS R3 + R4 V 

R3 pr R5 + RS 

V _ R4 tv _ V ) 
pe R3 pr p 

As well an input to the 'voltage to pulse duration con

verter', V is also an input to an op-amp employed as pe 
a comparato~. At this stage, V i.e., the amplified , pe 
difference between the set-point temperature voltage and 

the voltage corresponding to the actual temperature is 

compared with 0 V. 

The output of the comparator is fed to the base of the 

transistor T3 via A8 turning on or off the transistor 

and consequently the relay AYI. [See FIGURE 3.8.) 

* Vp and temperature relations are given in APPENDIX F. 



V+ 

V+ V-

-..; 0 " I 

Vrtd 

v 

FIGURE 3.5 

v 
p 

R9 

Vpr 

R12 01 

vt R13 
~ 

, . 

R5 

R6 

':' =!=I:J: 
v+ V 

V pe 

or 

COMPLETE CIRCUIT DIAGRAM OF THE PLATINUM RESISTANCE TEMPERATURE 
MEASUREMENT., ERROR GENERATION AND COMPARATOR STAGES. ' 

~ • VRl 

N 
.b 
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-
The 'voltage to pulse duration converter' [FIGURE 3.6) 

consists of 2 timers, one operating in the oscillatory 

mode. The period of oscillations of the First timer' out

put is determined b~ a timing capacitor Cl and resistors 

Rl and R2 as. 

where t 1 [output high) = 0.67 Rl Cl 

and t 2[output low ) = 0.67 .R2 Cl 

Admitting this as an input, the secondtimer.geherates 

an output having the ~ame period T but an increase in 

the duty cycle in accordance with the-control voltage 

V [FIGURE 3.7). Thus the photo diode in the. opto-pe 
coupler is driven proportional to ·the error voltage Vpe 

Rl 

8 4 V 4 8 
"7 7 3 2 

R2 
02 ICl IC2 

6 5 6 
01 2 1 V 

pe/V 
3 1 

te 

Cl 
V IV po to 

FIGURE 3.6 

COMPLETE CIRCUIT DIAGRAM OF THE VOLTAGE TO 
PULSE DURATION CONVERTOR. 

R3 

C2 



(a) v 
- t -... -- t -. '----.. 2, 1: 

L-__ ~~~ __________ ~~ __ ~ __ .'~ 

v 
. po - t/l:+-t~~ 

V=V pe 1 

VI> 0 

V 
po 

V =V 
pe 2 

V2 >Vi 

(b) 

1.0 

0.8 -

0.6 

0.4 -

0.2 

0.0 

~ __ -L __ ~ __________ ~ __ ~ __ --. t 

L-__ ~ ________ ~~ __ ~ ________ • t 

when V - 0 pe-

/ 

tl = 0.67 

I , 
tl + t 2 = tl + 

V. (volts) pe 

R3 

t2 

D 2 4 6 8 10 12 14 

FIGURE 3.7 

(a) OUTPUT WAVEFORMS OF THE VOLTAGE TO PULSE 

DURATION CONVERTER. 

(b) ~HE GRAPH OF t~/(ti t/
2

) OF V vs V 
po pe 

26 
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3.2.3. Power Switching 

The photo-transi~tor conducts when suFFicient current . .... .. , 

passes through the LEDin the ~pto~coupler [see FIGURE 

3.8). This,. in turn,' causes the Darlington pair [TI, T2) 

to turn oFF so that very littie current Flows through 

the bridge circuit. In eFFect, the bridge circuit no 

longer Forms a 'short' between points A and B, so that 

the voltage between these points rises above the 'Zener' 

voltage determined by 05 and 06. Depending on the phase 

of the mains voltage, one of these diodes is Forward 

biased and the other is reverse biased. Independent of 

the pha~e, the voltage across the two diodes is just 

over 6 V. Thus the triac receives gate current and 

switches the load on. IF the LED is not driven, the 

photo-transistor turns oFF. As the v61tage between 

points A and B rises aFter a zero crossing of the mains, 

Ta,T2 turn on. This limits the voltage to a level not 

enough to cause the Zener "diodes ,to conduct, so no g~te 

current Flows to the triac, switching the load oFF. 

[The RC network, connected across the triac, prevents 

the triac turning on at the wrong moment or everi being 

damaged) • [11) 
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v Iv 
tOft po 

I RI R2 liD V AC. 

81 

• 
TRIAC 

C2 

8 
RS RYl 

r-~~~~~~~----~25 V 

07 R7 

VR1/VR2 ~ C3 

,. 

FIGURE 3.8 

COMPLETE CIRCUIT DIAGRAM OF THE TRIAC POWER SWITCH. 
N 
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CON~=~~LEO r-~;T~~--I~------------------
I 
I 
I .. 

THERMOCOUPLE 

FIGURE 3.9 

DIFFERENCE 
-AMPLIFIER I----

RELA Y /4'~-----f 

COMPARATOR 

POWER 
SWITCH' 

VOLTAGE TO 
DIFFERENCE H PULSE DURATION 
AMPLIFIER CONVERTER . 

SET-POINT 
TEMPERATURE 

BLOck DIAGRAM OF THE THERMOCOUPLE TEMPERATURE MEASUREMENT AND CONTROL UNIT. 
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3.3. THERMOCOUPLE TEMPERATURE' MEASUREMENT AND 

CONTROL UNIT· 

30 

At the first stage or the chamber, temperature errors of 

few degrees centigrade are tolerable since it is a pre

pa~a~ive st~ge. Accordingly a Chromel-Alumel (Typ~ K) 

th~rmocoupleis utilized for temperature indication. 

The signal (Vtc) generated by. the thermocouple is 

amplified by a simple difference amplifier ICI in FIGURE 

3.10, whose o~tput V is given as: 
t 

when 

and 

Similarly 

as 

and 

Rl=R2 

R3 =R4. 

V _ R7 (V _ V 1 
te RS tr t 

RS=R7 

R6=R8 

The comparator and the control stages function exactly 

in the same manner of the platinum temperature measure

mentand control unit. 
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FIGiJRE 3.10 
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COMPLETE CIRCUIT DIAGRAM OF THE THERMOCOUPLE TEMPERATLJRE 
MEASUREMENT., ERROR GENERATION AND COMPARATOR STAGES. 
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CHAPTER 4 

USER'S MANUAL 

ADJU STM ENTS 

a) Short the inputs or the thermocouple unit. 

(Terminals C and D.) 

b) Insert the V ADJUST p.c.b .. oos 
c) Release switches Sl and S2. 

I 

d) Set MAINS switch 'ON'. 

Wait ror a rew minutes. 

e) ADJUST so that v ,V ,V, V are less than 0.5 mV. p pe t .te 
r) ADJUST Vb to 250 mV. 

OPERATION 

a) Insert the required RANGE p.c.b. 

b) Set V and Vas required, . . tr . pr 
rrom the tables in APPENDIX E and APPENDIX F. 

c) Set switches Hl and H2 to 'AUTO'. 

d) DEPRESS switches Sl and S2. 

e) RED indicator lights will turn on when the desired 

temperature is reached. (Independently ror each 

stage. ) 

e) The heaters may be operated MANUALLY, but close 

attention is required not to exceed the desired 

lirni t • 
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C HAP T E R 5 

CON C L U ~ I O.NS 

Design and construction of an environmental chamber 

comprising a sample holder whose temperature is regu

lated by.a Fully electronic temperature measurement 

and control unit which.uti1i~es a ptatin~m resistance 

as theFin~l temperature detecting element, is discuss

ed in this study. 

Platinum, because of its superior physical and chemical 

characteristics, is used exclusively in precision ther

mometry. In this application the platinum wire is mount

ed so that thermal lag is minimized with the possibili

ties in hand. 

Power dissipation control is employed, as the value of 

the thermal resistance petween the controlled mass and 

its heat sink· is constant. The power dissipated at the 

controlled mass and its heat sink is proport~ona1 to 

the diFFerence·between the set-point temperature and 

the measured temperature. At this point, integral action 

may be introduced to reduce temperature excursions. 

Temperature control is ~ccom~lished in two stages. The 

First stage being a preparatory stage that regulates 

the heat sink temperature of. the Final stage. The neces

sity of the preparatory stage is obvious when the· span 

of the temperature to be controlled is in the range 

-190 °c to 600 °C. 

33 



Temperatur'e measurement accuracy may .be improved by 

calibrating the platinum wire in accordance with the 

IPTS-68 requirements, and oy using platinum of higher 

purity, and by providing a strain Free mounting~ In 

the latter case one should consider the increase in 

thermal Jag which may easily ~xceed 10 seconds. 

Preci~ion may be·improved by eliminating 'human 

ractors'. This may be accomplished in several ways, 

two of which are: 

1- The addition of ·a Function generator that will 

provide direct setting and direct reading of 

temperature, thus eliminating the necessity or 

'look-up' tables. 

2- A microprocessor that will take over temperature 

control as well as the above Function. 
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T (oC) 

-92.8 -

-92.9 

-93.0 

-93.1 

• • 30 sec ·TIME 
-93.2 _,-I --r-~--~~--~~~-r--r-~--~~--~~~-r~~ • 

FIGURE 5.2 

PERFORMANCE OF THE PLATINUM UNIT SET AT -93.0 °e. 

(TEMPERATURE OF THE .PREPARATORY STAGE IS AROUND -100 °C) ~ 

I 
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A P PEN 0 I X A 

VALUES OF A(T) OF THE PLATINUM UNIT AeeOADINGTO 

EQUATION 2.3 AND EQUATION 2.4 WITH 

AND 

A= 6.36407 x 

B= 3.53323 x 

C= -4.02754 x 

A = 17.6274.S2.. 
o 

10- 2 l/ o
e 

.10-6 1/(oe)2 

10-10 1/(oe)3 
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A"PP8NOIY -p,., 

Vl\I .. nr:s OF ~('r) OF TR8 PL~TINUMUNIT, 
AcconrnnG 'TO BCTlAT10N 2 .. 3 ?\~O BQUl.'.,TIOT\1 2 .. 4 .. 
(T It:: J.1'1 0(:, R(T) 'IN l\T)t::SL .. ) 

l' R(T) 'T "P('J') T F{T) 'T " 
F(T) 

. 
.... 200 't1 .. 07,11 a -1 so 7.8210 -100 11.. 2181 ,. -50 14 .. 44(;6 
-lqp 4. ?'3~.1: -l.4Q 7 .. 9·G 22 .- q p. ,11..3495 -l1.8 14 .. 5742 , 
-lqG 4 .. 3919 -J.46 8.102Q -96 11.. 4806 -46 14 .. 7017 
--1 Q.1 t1~S4qt) -1114 R .. 21130 -C)1l 11 .. ()115 -44 14. 8291 
-lQ2 4 .. 70(;2' -142 '8 .. 382f' -92 11.. 7421 .-'42 -14 .. 9565 
-190 4. .. '162.1 -1.10 . RoO 57.17 -90 11.. 8725 -40 15.083-8 
-lq q 5.0171 -138 8 .. nfiOL1 -38 12.0028 -38 15.2111 
-18t; 5~J.712 -13(-; 8.79f15 -~(j 12 .. 1328 -36 15 .. 33,84 
-1!lr1. 5 .. 32L1t; '\ -134 8.C)36? .,..84 12 .. 262G -34 15 .. 4656 
-1f\ 2 . 5 .. 477i. -132 9.0735 -q2 " 12 .. 39'22 ,-:-32 15.5928 
-180 5 .. (.j 2~9 -130 9.2103 -80 12.521r) ":'30 15.7199 
-17 Q 5.7798 -128 9.3467 -78 12 .. r1S09 -28 15.8471" 
-17() 5.9301 -17. f\ 9 .. 4827. -76 12.7800 '-26 15 .. 9742 

" -174 G~0795 -I? 4 9.6183 -74 12.9089 -24 16.1014 
-17? 5.2283 -122 9.7535 -72 13 .. 0377 ~22 16.22'85, 
-170 G .. 3.763 -120 9 .. 8883 -70 13.1~64 -20 ,,16 .. 3556 
-168 S .. 5237 -118 10 .. 0227 --613 13.2949 -18 16 .. 4827 
-1.Gt:; r;.~7()3 -:--116 10.15fJQ -r.;1) 13 .. 4233 -:-16, 16 .. f)099 
-1114 6.81()4 -11" 10.2Q06 -611 13.5516 ~14 16.7370 
-162 G.C)(.j17 -112 10. 47.40 -62 1,3.6797 -12 1r:..8641 
-1.~0 7.10(;.1 -110 10.5571 -hO 13.8078 -10 16.9913 
-1,58 7 .. 2505 -10n 10.6U99 -511 13.9.357 -8 17.1185 
-11)~ 7.39110 -10~ l.O .. 822d -56 , ,14.0:;3:; -6 17.2457 
-]:;11' 7 .. 53.6 C) -104 10.951.1.(:; -sit 14.J.913 -4 }7 .. 3729 
.... 1:;2 7.67Q?, -1.02 11..0865 -52 1.1.3190 -2 17.5001 
-150 7 .. ~ ;no -100 J.1. 21R} -50 14.4466 a 17 .. 1)274 w 

m 
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Zl.1?PFNDIX'A (CON'J'INUP.D) 
,VAl,UBS OF P(T) OF 'rHP. PL,i\'J'lm:m UNIT, I 

ACCORDING TO EQUATION 2.3 Z\ND EQUATION 2.4. 
(T IS IN oCr P(T) Dl l\ 8 S .Jl.. ) 

l' P (,r) 'T.' R(T) '1' 'R('I') T 1'('1') 

0 I 17.(;274' 50 20.~lB3 100 24.0268 150 27".2530 
2 17.7547 c;') 

-, <- 20.9463 102 24'.1555 152 27.3824 
4 17.8820 54 21.0743 104 24.2842 154 27.5119 
6' . 18. OOQ4 Sf) 21.202~. lOG 24. 41~O 156 27.6413 
R 1R.136R 58 21. 3304 108 2,4.51.18 153 27.7708 

10 18.2(,1.\2 60 21.453') 110' 24.6706 160 27.9004 
12 18.3 Q 1t.; (,2 21. 5Rr,7 112 24.7995 162 28.0299 
14 1q.5191 (-;4 21. 7149 114 24.9294 164 2R.1595 
lIS 18 .Ii 4 h h f.;6 21. ~431 IHi 25.0573 166 28.2891 
JJ' J-'~. 774.1 ~8 :U. ~713 11q 25.1R52 168 2:q.418R 

'20 18.QOlf.) '70 22 .. OQ~Hi 1~0 25~3152 170 28.5~R4 

22 1°.02Q2 72 22.2278 122 25.44.42 1.72 28.67.81 
24 lCl .. 15 n8 74 22 .. 3562 124 25 .. 5732 174 28.807 0 

2(; 1 Q. 284.!1 76 22.494~ 126 25.7022 176 28.937fi 
28 . 1t). 4121 78 22.11129 12.8 i5.13313 178 I 29.'0674 

", 30 19.5398 80 22.7413 130 25,. 9r:i 04 180 29.1972 
32 1q.I1()75 R2 22.1i697 1'32 26.0895 182 29.3'270 
34 19.7QS3 84 22.9981 134 26.21q7 184 29.4569 
35 lQ.~230 .~ Ii 23.12G6 136 26.3479 1B6 29.585[; 
38 20.0508 RR 23.25,51 138 26.4771 188 29.7167 
40 20.1787 QO 23.3837 140 26.6063 190 29.8 d 6 7-
112 20.3065 92 23.5122 142 26.7356 192_ 29,.9767, 
44 20.1\34.1 q4 23.1540R 144 26.8649 194 30.1067 
1r:; 20.51123 C)6 23 .. 7f., 95 146 26.9943 1c)6 30.2367 

-49 20.f;903 98 23. R 991 14R 27:12.36 1J8 30.3663 
50 20.81,B3 100 24 .. 026S 150 27.2530 200 30 .. 4959 W 

-...s 
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APPENDIX A (CONTINU~O) 
Vl\LUP.S OF' P ('1') OF ,TilS PT~!\T 1 NU'1 UN,l'J', 
;t\C'COTH'I1NG, 'J'f') "8(HJ!\TION 2.3,1\1\11) SQUA'nOl\l ·2.4. 
('1' ISIN °c, R('T') rJ ARSSL.) 

T 

200 
'202 
204 
206 
!208 
210 
212 
214 
21C; 
218 
220 
222 
224 
22~ 

228 
230 
232 
2311 
236 
238 

'2.1 0 
?42 
241.l 
2.1(-; 
2~q 

250 

R('l') 

30 • .19G9' 
30.6270 

,30.7571 
30.?873 
31.0175 
31.1Ll73 
:n.2780 
31.4083 
31.~3RF. 
31.t15QO 
31.7994 
31.9298 
32.0G02 
3'2.1'-l07 
32.3212 
32.4517 
32.5"22: 
32.7128 
32.8.134 
32.Q7 d O 
33.10 l1'7 
33.2354 
,"D. 3()~1 
33. 4 9'58 
33.15275 
33.7584 

'T 

250 
252 
254 
256 
25S 
2('0 
252 
264 
266 
2(-iq 

270 
272 
274 
276 
278 
280 
2~2 

284 
28 (-) 
288 
290 
292 
?,Q4 

29G 
298 
300 

R ('I') 

33. 75'34 
33.8892 
34.0201 
34.1510· 
34.2119 
34.4123 
34.543~ 
34.6743 
34.80!)(3 
34.9369 
35./06 q 0 
35:1q91 
35.3302 
35 • .1614 
35. 592t5 
35.723~ 
35.8551 
35. Q3fi3 
3(-;.1175 
36'.21190, 
36.330.3 
36.5117' 
31). ':14 32 
36 • .7'7 4 (1 

36.9J61 
37.037r; 

T 

300 
302 
304 
306 
308.· 
31Q 
312 
314 
316 
318 
320 

(322 
324 
3211 
32>3 

.330 
332 
33,4 
33G 
33n 
340 ' 
342 
.311l'! 

346 
31~3 

350 

R ( ~r) 

37.037.6 
37.1691 
37.3007 
37.4323 
37.5639 
37.6956 
37.82,72 
37.9589 
3R.OQ07 
38.2224 
,38 .. 3542 
38.1.1850 
311.6179 
3R.749~ 
38.8817 
39.0136 
39.1456 
39~277.5 
39.40'06 
3q.541t; 
39.S737 
39.8058 
3 g. CJ 37 q 

40.0701 
40.2023 
40.3345 

'T 

, 350 
352 
354 
356 
358 

,360 
362 
364 
366 
368 
370 
372 
374 
376 
378 
380 
382 
384 
386 
3RR 
39h 
392 
394 
396 
398 
400 

j 

( 

R (T) 

40.3345 
40.4667 
40.5990 
40.7313 
40.8636 
40.9960 
41.1283 
41.2608 
41..3932 
41..5257 
41.6532 
41. 7907 
41.. 9 232 
42.055R 
42.1§R4 
42.3211 
.12.4537 
42.5864 
42.7191 
tt2.8519 
42.9847 
43.1175 
43.2503 
43.3832 
43.51(;1 
113.6490 w 
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APPEND I,X A (CONTINUPf)) 
VALUES OF P(T) OF T~8 ~LATINUM,U~IT, 
ACCORDING ~O 8QUATIO~ 2.3 ~~Q EQUATION 2.4. 
(,f IS D1 °C, P(T) I~ ,z\'8SJL.) r 

T R(T) 'r R ('r) T R(T) T R (T) 

I 

400 43.G4c)O' 450 ,46.9812 500 50.3311 550 53.6986 
40? 43.7819 452 47.114~ 502 50'.4654 552 53.3337 
401 43.91 Lt 9 454 47.2485 504 50.5g9~ 554 53.9ti88 
4011 44.0479 456 .47. 3822 . 5'1S 50.73 L1 2 556 54.1039 
LtO 8 4£1.1R10 458 47.5160 5')8 50.8687. 553 ' 54.23QO 
410 44.3140 460 47.~!.l9o, 510 51. 0032 560 54.3742 

- tl12 ,44.4471 462 47. 78 .. 3 fi . 512 51.1377 562 . 54.509i1 
414 44.5802 4fi4 47.9174 514 51.2722 564 54.51 47 
41(; ,44.71311 .Ll()1) . 48.0512 515 51. 40:':'7 5('6 54.7799 
4Jl3 44.84f16 45~ 48.1851 513 • 51. 5413 5 () 8 ' 54.9152 
1\ ?O 44.q708 470 4R.31l)O 520 51.6759 570 55.0505 
422 .1 S.1J.:'W 47? 41:1.4530 522 51.8106 572 55.1A59 
424 45.2462 474 48.58(-)9 52£1 lJ1.Q453 574 55.3213 
421) 45.3\795 476 48.7209 526 52.0800 576 55.4567 
L128 45.5129 478 48.8549 528 5?.2147 578 55.5921 
430 45.(i4fi2 480 48.9890 ' 53\0 , 52.3495 580 55.7275 
432 d5.779fl 482 49.1231 532 52.484'2 582 55.8631 
1\ 34 45.9130 484 49.2572 534 52.5191 584 55.9986 
4311 46 .. 04(;4 .1 f16 49.3913 536 52.7539 586 56 .. 1341 
438 A.G.179 Q t1Rr>, 4'1.5255 538 52.8R88 588 56.2697 
440 115.3133 190 49 .. 6597 540 53.0237 590 5G.4053 
4,12 I.t6.4t169 492 49.7939 542 53.1586 5,92 5().5410 
1\44 ,L15.5804 494 49.9231 54 " 53.2936 594 5n.5766 
44(.) 4') .. 7140 I1Qf). 50.062.1 546 53.42'15' 596 5(,).8123 
4d8 41;.8476 49M 50.1967 548 53.5635 59B ~6,.9480 w 
",SO 4':;.9812 500 50.3311 550 53 .. GC)RG 1100 S7.0P.38 lD 



AP P EN 0 I X B 

REFERENCE TABLE FOR TYPE K THERMOCOUPLES 

ASTM Standard-E 230-72 in the Annual Book or ASTM 

Standards speciries that the standard limits or error 

+ 0. 
ror Type K commercial thermocouples be _2.2 C between 

o and 277 °Cand ±3/4 per cent between 277 and 1260 °C. 

Limits or error. are not speciried ror Type K thermo

couples below 0 °C. Also upper temperatu~e limit or 

1260 °c decreases accordingly with wire diameter. 

AO 
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TYPE K 

NICKEL-CHROMIUM ALLOY VS NIC~EL-ALUMINU~-SILICON aLLOy THERMOCOUPLES 

TEMPERATURES IN DEGREES C IIPTS 196AI. REFERENCf JUNCTION AT 0 DEGREES C. 

DEG C 0 In 20 ~" 40 50 60 70 80 90 100 DEG C 

THERMOFLECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

-200 -5.891 -6.035 -(,. 10;8 -6.262 -('.344 -6.404 -6.441 -6.458 -200 
-100 -3.553 -3.852 -4.138 -4.410 -4.669 -4.912 -5.141 -5.354 -5.550 -5.730 -5.891 -100 

0 n.ono -0.;192 -n.777 -1.1~l- -l.~;)7 -l.IlAQ -2.243 -2.586 -2."920 -3.242 -3.553 0 

,.: 0 0.000 0.::197 0.799 1.203 1.611 2.022 2.436 2.850" 3.<'66 3".681 4.095 + 0 
100 4.095 4.0;08 4.919 5.327 5.733 6.137 6.539 6.939 7.338 7.737 8.137 100 
200 8.1'37 8.537 9.938 9.341 9.745 1n.151 10.560 10.969 11.~81" 11.793 12.207 200 
300 12.207 12.623 13.039 13.456 13.874 14.292 14."712 15.132 15.552 15.974 16.395 300 
400 16.395 16.818 17.241 17.664 18.0A8 '8.513 18.938 19.363 19.788 20.214 20.640 400 

.500 20.640 21.066 21.493 21.919 22.346 22.772 23.198 " 23.624 24.050 24.476 24.902 500 
600 24.902 25.327 25.751 26.176 26.599 27.022 27.445 27.867 28.288 28.709 29.128 600 
700 29.128 29.547 29.965 30.383 30.799 31.214 31.629 32.042 32.455 32.866 33.277 700 
800 33.277 33.686 34:'095 34.502 34.909 35.314 35.718 36.121 "36.5<'4 36.925 37.325 800 
900 37.325 37.724 38.122 38.519 :lA.915 ;19.310 39.703 40.096 40.488 40.879 41.269 900 

1 ,000 41.269 41.657 42.045 42.432 42.817 43.202 43.585 43.968 44.349 44.729 45.108 1,000 
1,100 45.108 45.486 45.863 46.238 46.612 46.985 47.356 "47.726 48.095 48.462 48.828 1,100 
lt200 48.828 49.192 49.555 49.916 50.276 5n.633 50.990 51.344 51".697 52.049 52.398 1,200 
lt300 52.398 52.747 53.093 53.4:39 53.782 54.125 54."466 54.807 

/ 
lt300 

DEG C 0 10 20 ~n 4n "50 60 70 80 90 100 DEG C 

.e:. 
I-' 



A P PEN D I X C 

THE TYPE AND· VALUES OF COMPONENTS USED IN CONSTAUCTION 

C.l. Value~oF Rand AL of ~he Pl~t1num Unit 

In FIGURE 3.3 the platinum wire and its leads constitute 

the resistance of one leg of the bridge circuit. Three 

identical resistors complete the bridge. These resistors 

are 20 turn trimmer potentiometers which are mounted on 

a printed circuit board, precision adjusted and sealed. 

The va1ues.oF these resistors and the corresponding 

temperature ranges are given in TABLE C.1 . 

. TABLE C.1 

TEMPERATURE RANGE [DC) AL [.n..) A [each resistor 

on the p. c • b • J [A) 

-180 to -140 0.027 5.6389 

-140 to -80 0.027 8.5217 

-80 to .0 0.027 12.5216 

0 to 140 0.027 17.6274 

140 to 340 0.027 26.6063 

340 to 600 0.027 39.6737 

42 
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C.2. Types and Values of Circuit Elements of FIGURE 3.4 

ICI : 1/2 LM 747 

Tl .: BC 141 

01 2.7 V ZENER 

Rl 46S0 J'l., 1/4 

R2 2400.!L, 1/4 

R3 240A, 1/4 W 

w. 
W 

R4 20~,.20 TURN TRIMMER 

RS 2 x lOOJl.., 1/4 W 

R6 10 kn..,. 1/4 W 

POTENTIOMETER· 

C.3. Types and Values of Circuit Elements of FIGURE 3.S 

ICI LH 0038 PRECISION INSTRUMENTATION AMPLIFIER 

IC2 IC3: 1/2 LM 747 

01 12 V ZENER 

Sl 

Rl 

R3 

S2 

R7 

R4 

OPOl (B-M) SWITCH 

S ~, 20 TURN TRIMMER POTENTIOMETER 

10 k!L, 1/ 4W . 

RSR6 720~, 1/4 W 

R8 100JL, 1/4 W 

R9 20~, 10 TURN POTENTIOMETER 

RIO Rll 18 kJl., 1/4 W 

R12 .S.6 k..{L,1/4 W 

R13 1 i<.n;,1/ 4 W 

Cl, C3 : 10 ~F, ELECTROLYTIC 

C2, C4 : 0.01 pF, CERAMIC DISK 

CS, C6, C7, C8 : 0.1 ~F CERAMIC O+SK 
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C.4. Types and Values Dr Cirouit Elements Dr FIGURE 3.6 

IC1 , IC2: 555 TIMER 

01 , 02 : IN 4001 

Thermooouple stage 

R1 610 1dt,1/ 4 W 

R2 10 Id'L, 1/4 W 

R3 1201<.0.., 1/4 W 

C1 10 f-JF , ELECTROLYTIC 

C2 2 j-lF , ELECTROLYTIC 

Platinum stage 

R1 660 kn.., 1/4 W 

R2 4.7 k.n.., 1/4 W 

R3 120 kn., 1/4 W 

C1 10 pF , ELECTPoLYTIC 

C2 2j-lF , ELECTROLYTIC 

C.5. Types and Values orCirouit Elements Dr FIGURE 3.8 

IC1 : CNY 24 

TRIAC : Q 4008 L4A 

T1 T2 , T3 BC 107 
, 

01 , 02 , 03 , . 04 : 'IN 4001 

05 06 : 5.6 V ZENER 

07 LED 

RY1 : SPOT (B-MJ RELAY 

Sl SPOT SWITCH 

Pol 10 k.CL, 1/4 W 

R2 18 kA., 1/4 W 

R3 1 kn., 1 W 

R4 1 kn.., 1/4 W 
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,R5 47.n.. , 1 W 

R6 330...n.., 1 W 

R7 2.2 k.Sl., 1/2 W 

RS 5.6 kn., 1/4 W 

Cl 0.5 l-lF i 400 V 

C2 0.1 J-lF , 400 V 

C3 50 pF , 'ELECTROLYTIC 

C.6. Types and Values of Circuit Elements of FIGURE 3.10 

tCl , IC2 , IC3 : l/~ LM747 

01 12 V ZENER 

Sl 

Rl 

R3 

A5 

R7 

S2 DPDT (B-MJ SWITCH 

R2 100.0..n., 1/4 W 

R4 3300JL, 1/4 W 

A6 10 k.n.., 1/4 W. 

RS 1.2 M.JL, 1/4 W 

A9 100...Sl.., 1/4 W . 

AID 50 kJL, 10 TURN POTENTIOMETER 

Rll "P12 : 47 kJl.., 1/4 W 

R13 IS kjL, 1/4 W 

A14 1 kJL, 1/4 W 

Cl , C2 , C3 , C4 , C5 , C6 0.1 p~ , CERAMIC DISK 



A P PEN D I X D 

DC POWER SUPPLY 

A positive voltage regulator (LM340TIS) is connected 

with a negative voltage regulator (LM 320TIS) to Form 

a non~tracking d~al power supply_ as shown_in the -Figure 

below. 

Each regulator exibit~ line and load regulation consi~t

ent with their speciFications as individual devices. 

T is a IIO-2xIB V transFormer. 

46 
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A P PEN 0 I X E 

SET-POINT VOLTAGES FDA THE THERMOCOUPLE UNIT 

(V is the output oFFset voltage of the oos 
thermocouple diFFe~enc~ ampliFier ) 

T V' T Vi T Vi 
t t t 

0 0.000 200 2.706 400 5.453 

10 0.132 210 2.839 410 5.594 

20 0.265 220 2.973 420 5.734 

30 0.400 230 3.107 430 5.875 

40 0~536- 240 3.241 440 6.016 

50 0.673 250 3.376 450 6.157 

60 0.810 260 3.512 460 6.299 

70 0.948 270 3.648 470 6.440 

80 1.086 280 3.785 480 6.581 

90 1.224 290 3.922 490 6.723 

100 1.362 300 4.060 500 6.865 

110 1.499 310 4.198 510 7.007 

120 1.636 320 4.337 520 7.148 

130 1.772 330 4.475 530 7.290 

140 1.907 340 4.614 540 7.432 

150 2.041 -350 4.754 550 7.574 

160 2.175 360 -4.893 560 7.716 

170 2.308 370 5.033 570 7.857 

180 2.441 380 5.173 580 7.999 

190 2.573 390 5.313 590 8.141 

200 2.706 400 5.453 600 8.282 

(T is in °c , VI 
t 

in volts.) 
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A P PE N D I X F 

SET POINT VOLTAGES FOR THE PLATINUM UNIT 

The rollowing is the computer listing or V versus 
p 

temperature. The computer program was devised to provide 

the user with the 'set-point voltages' ror the platinum 

unit. It is possible to calculate these values by hand, 

using EQUATIONS 2.3, 2.4 and3.l, but it is time con sum

~ng. 

48 
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APPENDIX F 

i 

P(T} 
, ! 

T V 
r 

;-
-180 5. 62R 9 0.239 "-
-179 5.7045 0.569 
-178 5.779R 0.894 
-177 5.8550 l.21t1 
-176 5.930} 1. 529 , 
-175 6.0049 1.840 

" -174 6.07QS 2.145 
-173 6.1540 2.446 
-172 6 ~ 2283 2. Til 3 
-171 6.30'24 3.035 
-170 6.3763 3.323 
-i69 6.4501 3.607 
-lfiP. 6.5237" 3.,P8.6 
-167 f).5971 4.162 
-166 6.6703 LI,. 434 
-165 6.7434 4.702, 
-164 6.81~4 4.966 
-163 '6.R8C)1 5.227 
~162 f.. 9'fi 7 5'.484 

-...:.161 7.0341 5.737 
-160 7.1064 I 5.9HB 
-159 7 ~ 178. 5 6.234 
-158, 7.2505 6.478 
-157 7.3223 6.718 
-156 7.3940 6.956 
-155 7.4655 7'.190 
-154 7.5369 7.il21 
-153 7.6081 7.6ilc) 
-152 7.6792 7.874 
':'151 7.7502 8.097 
-,150 7.S210 8.317 
-149 7.e916 8.534 

'-148 7.9Fi22 ~e. 748 
-147 R.0326 R.960 
-146 R .10'28 9.169 
-145 8.1730 9.375 
-}44 8.2430 9. 5~.0 
-143' 8. 3j 28 9.781 
-142 8\03826 9.991 
-1 4 1 8.4522 10.178' 

/ -140 8.5217 :),.0.373 

" \ 
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APPENDIX F (CONTINUED) -
, I 

m R(T} V .1. 

-140 8.5217 0.158 
-139 8.5911 0.359 
-138 8.6004 0.559 
-137 . 8.7295 0.756 
-136 8. 7 g8 5 ( 0.952 
-135 8.R674 1.14 6 
-134 - 8.93h2 1.338 
-133 9.0049 1.528 
-132 9.0735 1.716 
-131 9.1419 1. 903 
-130 9.2103 2.088 
-12q 9.27R6 2.271 
-'128 9.3467 2.452 
-127 "'I 9.4l47 2 ... 632 
-126 9.4827 2.810 
-125 9.5505 2.987 

~ -124 9.6183 ,3.162 
-123, 9.6859 3.335 
-122 9.7535 3.507 

--121 9. R 20 9 3.678 
, -120 9.8RR3 3.847 

-119 9.955(1 - 4.014 
-118 10.0227 4.181 
-117 In.0898 4.345 

, 
-116 10.1568 4.509 
-115 10.2238 4.670 
-114 10.2906 4.831 
-113 10.3573 4.990 
-112 10.4240 5.148 

-- -Ill 10.4Q06 5.305 
-110 10.5571 5.460 
-'109 10.6235 5.614 
-108 - 10.6R99 5.767 
-107 10.7562 5.919 
-106 10.822.1 6. or; 9 
-105 '10.8885 6.219 
-104 10.9546 6. 367 
-103 11.0206 6.514 
-102 11.0865 6. 659 
-101 11.1523 6.804' 

r -100 11.2181 6.948 
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APPENDIX F [CONTINUED) 
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APPENDIX F [CONTINUED) 

'T' p (:r ) V 

-80 12. =12J. h o. IQS 
-7 "- 12. 5R~3 (1 · 23C-: 
-7P- l.? • f! :!O (\ o. 3G3 
-77 1 .... -;it::c: o. 4 '10 , .. I .... _, _' 

-75 1,2'. 79nn o. 61(1 
-7S -. " C:~ ~ S o. 7" -. / · -.L 

-7,1 i ') QCf1.9 c. q fF __ L · -73 -. 7. "734 O'e 990 
-72 l3. 0377 i lJ.3 · -71 i 'j lC21 3, ;35 , ~_J. · -7e -. 3. i 1=. e; J.! 1. 3~7 
-hO 13. ?307 1. I! 7 P 

-I)P, 13. ? (' Ll Q -. 5 0 q .... 
-(-,7 -; 'j ~~·(\1 -. 71.C') -. -". ~. 

-Sf -. .. ~ ~ .:{ 3 i 0:3 ~~ ~ .. ' . ~ · -f.~ ~. J. 1$1711 i q:;r.: _. 
,.. ,. i 'l S t::J ~, ') n7t.. - .. ~ · ... · --' 

-63 j 3. 1-,] 5f-- ~, i f")"j 
/ · ~ -- ~~ 

-f.? ] 3. r7 C ! 2. ~(iP 
c - 1~. 

..., A < ' ") A2t. _."'\ , , - / .. ' - - , 
-f G ____ 13. P ! .... 1!! __ . '2 · 5U, 

--_. ---_.- - .' 
-5C: 13. f-717 ') ~::-'-~ I'~ • 

-~,p i 3. °357 7. 7(-, 0 

-57 i 'j 0Q9r. ";: co') 
.- -'. ..... l' 1 4-

-Sf': 14 or; 3 r-: " qcS · " · -55 i .4 :!.27&: 3. 102 ~ · -5 11 -. !! i (\13 '.) 220 · · -~,J i 4 ..... f-_ ..... J 332. · / ~ ~/.. -' . 
-:. ;> -. .1 31 0 0 3. t. !. '2 · -51 1.1 , f.' ?P 3. 552 · -so 1 .1 · t:M;~ 3. r:: r- ;> 
-to -. 4 :::'1OL: 3. 771 -. · -.1 P. 1-1. 57!.: 2 3. qro 
-.17 14 · (,37 (1 3. 9P ~ 
-.1( i /J. - . 7 r~} 7 ~ · O~~ -.1 :; ; t. · 7F. .. ,; .t. · 202 
-.':.1 -. 4 0 j- 0 J. t- • 300. - · -LI 3 11l · ~0.2fl LI · .1 -. .1 

-4? ; t1 ?5r:: c. ..., · 520-· .. 
-.£11 -. r, 0202 L! 625 __ • .1 • · -40 1 s. OQ~R t · 729 
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APPENDIX F [CONTINUED) 

-39 15.1475 4.R33 1 
1 

-3P 15.2111 4.937 j 
I 

-37 1.1).'27~7 5 :'040 i 
1S.33 r.L; 5.2Ll2 

I :-3(.; I 
I 

- 3 ~5 15~4020 5.24<1 i -34 15. t~(:;5h 5. 34fi I 
-33 15.5292 5.tJ47 \ 
-32 15.5928 5.547 I 
-31 15. f,5f.4. 5.F.47 I 

I 
-30 IS'.7J.oq -5.747 
-29 15.7<;" 35 S.R46 
-~}1 IS.t)LJ Ii :J. j.f 5 
-27 ~5.(\]O7 ~.O43 
- 2f' 15.?7 1l '} (,.142-. 
-25 16.037P. (;.239 
-24 'c. ,014 ..... ~ .• __ J --. . f). ?3F 
-'n "j F , r-; tl c) h. i1 32 L.._, -,- .. --
-27 If:.·?2R5 C- • S2~ 
-21 11).2921 s. 62tJ. 

___ . . - 20. __ . __ ... 1 (). 3t;.~~ 6. 719 _,0 16.4192 6. P-14 ~,' 

-lR If.4P27 6.909 
-17 16.5"-(-;3 7.003 
-16 lfi.f09? 7.096 
-}5 J6.t:;734 7.1()O 
-14 16.7370 7.2R.2 
-13 16.8006 7.375 
-12 Ih.PF.41 7.467 
-ll 1(=..<1277 7.5~9 
-10 16.9913 7.G50 

-q 17.0549 7.741 
-p 17.11P5 7.831 
-7 17.1821 7.921 
-6 17.2.157 'R.Oll 
-5 17.3093 8.100 
-4 17.3729 8.189 
-3 17.43(')S S.27 R 
-2 17.5001 R.3f16 -, 17.5(-;3P 8 • .1 5.1 

0 17.F/7t 8.5"'2 

. , 
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APPENDIX F (CONTINUED) 

-T peT) V \ 

0 17.0274 0.076 
1 17.6910 0.166 
2 17.7547 0.25{) 
3 17.81R4 0.345 
L1 17.?P20 O.43L! 
5 17.9457 0.522 
fi lR.OOQ4 0.611 
7 18.0731 0.699 
A 1e.13GB 0.780 
9 18.2005 0.874 

10 18.26L12 o. 961 
11 18.3279 1.041: 
12 18.3916 1. 134-
13 18./1 553 1.220 
14 TP. ;51~ 1 1. 306 
15 18.5R28 1. 392 
~f: 18.11(,(-;6 1. {,77 
17 1p-.7103 -1.562 
18 1P..77f..l 1. f.47 
19 lR.8378 1.731 
29 1R.9016 1.815 
21 18.9654 1. R 99 
22 19.0292 1.983 
23 19.0930 2.066 
24 19.J5f.P 2.149 
25 -19.2206 2.232 
2(; 19.2844 2.314 
27 19.3483 2.397 
28 19.4121 2.478 
29 19.4760 2.560 
30 -19.539P 2.(-,42 
31 19.6037 2.723 
32 1°.6('75 2.803 
33 19.731.1 2.8Rt1 
34 19.7953 2.9f)4 
35 19.8592 3.04Ll 
3(-. 19.~230 3.124-
37 19.98()9 3.204 
3P 20.050R 3.283 
39 20.1148 3.362 

-- 40 20.J7R7 3.441 
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APPENDIX F (CONTINUED) 
/ 

40 20. 17f1.7 3.441 
41- 20.242fi 3.519 
42 20.30~5 3.597 
43 ~O.3705 3.675 
44 20.43L14 3.753 
45 20.Ll~R4 3.831 
46 20.5623 3.908 
47 20.6263 3.985 
48 20.~o03 4.0Fl 
49 20.7543 4.138 
50 20.PIP3 4.214 
51 20.88.23 4.290 
52 20.94<33 4' •. 366 
53 21.0103 ~ 4.441 
54 , 21.0743 4.517 
55 \ 21.1383 4.·592 
56 21.2024 4.6(;f:. 
57 21.266 L1 4.741 

, 58 21.3304 -4.815 
59 21.'3 ~i15 A.8RCI 

, 60. 21.4586 4.963 
0 ___ - ----------- -- -i1. 5 2 2-~- - . - .. -. 

61 5.037 
6.2 21. 586'7 5.110 
f)3 21.(-)508 5.183 
r:;4 21.7149 5.256 
65 21. 77f:10 5.329 
66 2J._.P431 5.401 
67 21.9072 5.1174 
fiR . 21.S7l:3 5.546 
69 22.0354 5.E17 
70 22.099h 5.689 
71 72.16.37 5.760 
72 22.2278 5.831 
73 22.2920 5.902 
74 22.-35 f2 5.973 
75 22.4203 6.043 
7f> 22.4R45 6.114 
77 22.5AP7 f5.1R4 
78 22.1'129 '6.253 
79 22.£1771 6.323 
80 22.7413 6.392 

-r 
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APPENDIX F (CONTINUED) 

~ 

81 7.2.8055 r-;.461 
82 22.8f:97 E.530 
83 22.9339 6.599 

- 8.1 22.9981 6.6f.;P 
85 23. Or.: 2tl ".73(, 
8F 23.1266 f. R04 
87 23.1909 6.872 
88 23.2551 !' • q4 0 
89 23.3194 7.007 -
90 23.3837 7.07 11 

91 23.4LtRO 7.142 
92 23.5122 7.20~ 

93 23.57f5_ 7.275 
94 23.6408 7.342 
95 23.7052 '7.4 or 
96 '2~. 7695 7.47t. 
97 23.~33P, 7.540 
98 23.8981 7.60(; 
99 23.9(-;25 7.f.71 

100 ~ 24.026R 7. 73() 
101 2~.0912 7.801 
1-02 24.1555 7.866 
103 24.2199 7.931 
104 2l.2842 7.99h 
105 24.348(, P. 060 
lOr, 2~·.4130 P..12'" 
107 2";.~77~ f:' .1Rr 
108· 24.541p R.2.52 
109 2l1.hC62 8.315 
110 24. 07(l() 8.17() 
III 24.7.351 P.J42 
112 24.7'=95 P.505 

;) 113 2Ll.Pf39 f:.5fP. " 114 24.C;?8.:1 8.631 
1 1 t:; ...... ~- 24.CJ92R B.fi?3 
IJ.6 25.0573 8.755 

I 117 25.1717 8.817 
} 18 25.1R()2 r.87~ 
] ] 9 25.2507 8.941 
120 25.3152 9.003· 
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APPENDIX F (CONTINUED] 

121 25.37~7 
,12~2 25.4l142 
123 25.5087 
124 25.5732 
125 25.F:377 
12(-; 25.7072 
127 25.7()68 
128 25.8313 
129 25.8958 - 130 25.9604 
131 26.0750 
132 26.0t'~5 

133 2f:.1541 
, 134 26.21R7 

135 25.29.33 
136 26.347° 
137 2i3.tl.125 
L~p, 2(.4771 

- 139 26.5417 
140 26.6063 

\ 

-' 

I 

-, 

9.064 
9.125 
9. 18(; 
9.247 
? 30~ 
9.369 
°.429 
9.489 
9.549 
9.609 
9.669 
? 728 
9.787 
9.8 41 7 
S'. gor, 
9.9F4 

10.023 
10.082 
10.140 
10.19P 

-"', 
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APPENDIX F (CONTINUED) 

. 
T :R (T) V 

140 2~.6063 0.051 
141 26.6710 0.111 
142 26.7356 0.172 
143 26.8003 \ 0.232 
144 26.8649 0.292 
145 26.9296- 0.352 
14fi . 26.9 0 43 0.412 
147 2.7.0::,89 0.472 
148 27.123G 0.531 
149 27.1qP3 0.591 
150 27.2530 0.650 
151 27.3177 '0. 709 I 
152 27.3824 ~ 0.768 
153 27.4471 0.827 
154 27.5119 0.886 
155 27.5766 0.944 
1Sfi 27.6.113 1.003 
157 27.70r11 1.0S1 
158 27.7708 1.119 

- 159 27.R356 1.177 
161) 27.9004 1. 235 
161 27.9651 1. 293 
162 28.0299 1. 35J. 
163 28.0947· 1.408 
164 28.1595 1. 466 
165 28.2243 1. 523 I 
166 28.2891 1. 580 
167 28.3539 1. 637 
168 28.4188 1. 694 
169 28.4836 1. 751 

.170 28.5484 1.808 
171 28.61.33 1.R64 
172 28.6781 1. 921 
173 28.7430 1. 9-77 
174 28.8079 2.033 
175 28.8727 2.089 
176 28.9376 2.145 
177 29.0025 2.201 
178 29.0674 2.257 
179 29.1323 2.312 
lRO 29.1972 2.367 , , 

" / 
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APPENDIX ~(CDNTINUED) . 

, 
1RO 20..1972 2.367 
181 2~.2621 2.423 
1P.2 29.3270 2.~7P, 
1P3 2~.3920 2.533 
1P4 2?4569 2.5R8 
lt~j 2~.jL19 L..tl't~ 

18f. 29.SGhK 2.(,97 
187 2~.651R 2.752 
1:3 p. 29.71(-7 2.806 
189 2°.7P17 2.861 
190 29.RI1(-:7, 2.915 
i C\ 1 2Cl.9117 2. 9f. 9 -........... 

192 29.97f>7 3.023 
193 30.0417 3.077 
194 30.1067 3.1.31 
J.95 30.1717 3.184 
1.96 30.23{)7 3.23P 
197 30.3017 3.291 

I 
lC}g 30.3668 3.344 
199 30.431R 3.3~P. 
200 30 • .4969 3.451 
201 

. __ . --.-_._- --~--- -_ ... -... _---_._----
30.5f:19 3.504 

202 30.6270 3.556 
203 30.6921 3.609 
20A 30.7571 3.562 
205 30.822? 3.714 
206 30.8873 3.7(,(, 
207 30.9524 3.81.9 
20e 31.0175 3.R71 
209 31.0826 3.923 
210 31.1478 3.975 
'211 31.2129 .1.027 
212 31. 2780 Ll.078 
213 31.3432 4.130 
214 31 .• 40R3 4.181 
215 31. 4\735 . 4.233 
216 31. 5386 4.284 
217 .31. 6038 4.335 
218 31.6(.\90 4.3Bn 
219 31.7342 4.437 ' 
220 31. 7994 4.488 



APPENDIX F (CONTINUED] 

221 
222 
223 
22A 
225 
22h 
227 
22R 

'229 
230 
231 
232 
233 
234 
235 
23f) i 

237 
( 238 

239 
, 240 

241 
r242 
2.13 
2t1t1 

245 
.... r 

,,{. "! 0 

247 
248 

( 249 
250 
2S1 
252 
253 
254 
255 
256 
257 
258 
259 
260 

31.8fi46 
31.92~R 
31. 9 Q 50 

-32. Of; 02 
32.125.1 
3/,.1907 
32.2559 
32.3212 
32.3Rf;4 
32.4517 
32.5169 -
32.5822 
32.6475 
32.7128 
32.7781 
32.R434 
32.9087 
32.9740 
33.0393 
33.1047 
33.1700 
33.2354 
33.3007 
33.36(;1 
33.4315 
j3.~~fH 

33.5622 
33.0276 
33.6930 
':n. 7584 
33.9238 
33.GP92 
33.9547 
34.0201 
34.0855 
3.1.1510 

(-- 34.21 f. 4 
34. 2lH 9 
34.3 Ll 74 
34.412R 

Ll.538 
4:589 
4.(1.10 
4.690 
A.740 
.1. 7.90 
4.840 
A.ROO 
4. 940 
.1.990 
5.040 
5.089 
5.139 
5.188 
5.237 
5.2 P 6 
5.335 

. 5. 384 
5.433 
5.482 
5,.530 
5.57Q 

5.£27 
5. 67f, 
5.724 
5.772 
5.820 
5.8(;8 
5.916 
5. S'tS 3 
(,. 011 
6.059 
f..10S 
6.153 
fi.201 
6.~4R 
6.295 
6.342 
6.389 
6.435 

60 
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APPENDIX. F [CONTINUED) , 

\ 

261- 34.4783 6.4B2 
I 

262 , .·34.5438 ' f. 529 
263 34.n093 6.575 
264 34.F.748 6.621 
265 )4.7403 'f.f68 
266 34.R058 6. 714 ' 
267 34.8713 {;. 76 0 
268 34.9369 6·.806 
269 35.0024 6.852 
270 35.0680 6.898 
271 35.1335 6.943 
272 35.1991 6.989 
273 , 35.2fi46 ,7.035' 
27!J. 3.5.3302 7. ORO 
275' 35.3'958· 7.125 
27(.. 3::,.4~14 7.171 
?77 35.5270' 7.216 
27P 35.5926 7.261 
279 35.6582 7.306 
280 35.7238 7.351 
281 35.7894 7.396 
282 35.8551 7 .• 4.10 
283 35.9207 7.485 
284- 35.9863 7.530 
285 36.0520 7.574 
2R 6 36.1176 7.618 
287 36.1833" 7.603 
288 36.2490 7.707 
289 36.32.47 7.751 
290 36.3R03 7.795 
291 36.4460 7.839 
292 36.512.7 7.883 
293 36.5774 7.,927 
294 36.6432 7.970 
295, 3~.7089 8.014 
296 36.774~ R.057 
2C),7 36.8£104 8.101 
2<)8 36.9061 8.144 
299 3Ei.9718 8.1R7 
300 37.0376 8.230 

... ' 

( 
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APPENDIX ,F (CONTINUED) 

301 37.103,1 8.274 
302 37.16?1 8.317 
303 37.2349 R.35? 
304 37.3007 P, • ~O2 
305 37.3hEi5 8.4.15 
-,Un. -- ..... -.... r' ,0>, "", 

':>I,.<t':>~J v. "%v"V 
307 37 • .1S81 8.530 
,308 37.563q P.573 
309 37.6297 8.615 
310 37.6956 8.657 
311 ' 37. 7614 p.70e 
312 , 37.8272 8. 742 
313 37.S931( 8.78t. 
314 37.95Rg p'.R26 
.315 38.02,18 8.868 
316 38.0907 8.910 
317 38.1566 8.952 
31.8 38.2224 8.993 
319 38.2883 9.035 
320 38.3542 . 9.076 
321 38.4201 9.118' 
322 38.48f'O 9.159 
323. 3f.5520 9.200' 
324 38.6179 9.242 
325 38.6838 9.283 
32f) 3R.7498 9.324 
327 38.~l57 9.365 
328 3P. 8PI 7 9.406 
329 3£1.9476 9.44fi 
330 39.0136 9.487 
331 39.070.6 9,. C) 28 
332 39.1456 9.568 
333 39.2115 9.609 
334 39.2775 9.649 
335 ,39.3436 9.690 
336 '39.4096 9.730 
337 39 • .1756 9.770 
338 39.5416 9: 810 
339 39.6076 9.850 
340 39.6737 9.890 
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APPENDIX F (CONTINUED) 

T F(T) V 

3.10 39.6737 0.034 
. 341 39.7397 0.076 

3.12 39.R058 0.117 
. 3 A 3 39.8718 0.158 

344' 39.9379 0.200 
345 tlO.OO40 0.241 
34 h 40.0701' 0.282 
347 40.1362 0~323 
.348 40.2023 0.364 
3 11 9 40.2~84 0.405 
350 40.3345 0.446 
351 -40.4006 0.487 
352 40.4667 ·0.528 
353 40.5328 0.569 
354 40.5990 O.flO 
3~5 tlO.F.F.51 " .. O~650 
35(; 40.7313 0.691 
,357 40.7974 0.731 
358 40.R636 0.772 
359 40.9298 0.812 
3fiO 40.9960 0.852· 
361 .11.0621 0.893 -
362 41.1283 I O. 933 

" 
, 

3('3 fl,1. l'9Li 5 O. 973 
364 41.2fOB 1.013 
3f5 41.3270 1. 053 
366 41.3932 1.093 
361' 41.4594 1.133 
3EiR 41.5257 1.173 
3(;<? 41.5919' 1.213 
370 41. f;582 1. 252 
371 . 41.7244 1.292 
372 41. 7907 1.332 
373 41.8570 1.371 
374 .11.9232 1 t1 1 

~. ~ ...... -'-

375 41. 9895 1.450 
376 42.0558 1. 489 
377 ~2.1221 1. 529 
37P. 42.1884 1.568 
379 42.2547 1.fi07 
380 42.3211 1. 646 
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APPENDIX F (CDNTINUED)-

381 42.3874 1.nB5 
3P /. 11?-.11537 1~7 24 
383 42.5201 1. 7("3 

·3R4 42. Sf! (4 1. ~O2 
385 1l?t)5?P 1.f41 
3PF ll.2.719} 1.RPO .0-. - '_' I 42.7855 1. 918 
3p p LI?,.P.5J9 1. 9r:.,7 
389 42.9183 1. 9~1f) 
390 42.9847 2.034-
391 ll.3.0511 2~O73 
3<)2 43.1175 2.111 
3 Q 3 4.3. :u<~q 2 .14 ~ 
39~ .13.25G3 ,2.)PR 
195 43.32(,7 2./,/.(; 
30r ,1-:l 

~ _.J. 3832 /. • ;: F: Lt. 

397 ll.3.~t19fi 2.302 
398 43.5H;1 2.340 
30,0, 43.5825 2.37P 
400 43.()490- 2.416 
40i 113.7155 2.45.1 
402 l13.7P19 2.492 
403 43.848.1 2.530 
404 l13.~1119 2.5(>P, 
t105 43. Q>l14 2.fCS-
406 4.1.0479 2.r;L!3 
407 Lll1.11Ll4 2.6PO-
llOR 44.1810 2.71R 
409 l11l.2475 2.7'55 
[tIn .14.3140 2.793 
411 t1t1.3R06 2.830 
il12 44.4tl71 2.Rf'8, 
£1 J ~ 44 .• 5137 2.(lO~ 

.114 44.5802 2.942 
415 4t!.6.1F.R 2.C:79 
416 41l.7134· 3.01f. 
417 111l.7p·QO 3.053 
41P. tt.1.F.tf.f. 3.0<:)0 
.1-0 .1../ 114.9132 3.127 
420 4 L1 • 9798 3.1(-)LI 

I 
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APPENDIX F (CONTINUED) 

.:121 .:15.046A 3.201 
422 .45.1130 3.237 
423 45.1796 , 3.274 
42Ll 45.2.1(;2 3.311 
425 t15.312~ 3.3·17 
426 45.3795 3.3£'.1 
427 .:15.4M'2 3 • .4 2 0 
428 45.5129 ·3.457 
429 45.5795 3 • .:193 
430 45.6462 3.529 
431 45.7129 3.566 
432 45.779f, 3.(-\02 
.133 45.P.4.f3 3.(-;3P. 
434 Ll5.9130' 3.574 
43t; 45.979-7 3.710 
t1 3(5 4f..04(-;tl 3.7f.f; 
437. 4 fie i.131 3.782 
43P. 4(-\.1799 3. Pl. f 
439 46.24116 3.854 
4.10 46.3133 3.~90 

441 46.3801 3.926· 
442 4n.l1t169 3:961 
443 46.5136 3.997 
444 46.5804 LI.032 
Ll45 46.6472 L1.06P 
1146 4f..7140 Ll.104 
447 46.7808 L1.139 
4,18 46.8.176 4.174 

'. 

. /' ,-. 
4b.~114l1 .:1.210 ""':;;:1 

450 46.9812 4.245 
451 47.0480 4.2EO 
452 47 .. 1148 4.315 
453 ~. 7.1817 .1 .. 351. 
454 47.21285 4.386 
ll55 47.3154 /).421 
456 '47.31'22 4.456 
457 47.Ll:19j 4. Ll 91 
458 47 .. 51fiC /'.525 
459 47.5829 ·.1!"560. 
An 0 47.6498 4.595 
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) . 

461 47.716r:; ~.630 
462 47.7P36 4.6fi4 
4(-)3 47. P .'10 5 .1.5 Q <) 
4(; 4 L!.7.9174 4.734 
4fi5 t7~oP:.13 4.7f)P 
46 () 48 •. 0512 4.n03 
4fi7. .18.1182 4.B37 
.1(-iR .18.]851 4.P72 
46 g 48.2521 4.906 
470 48 •. 3190 1.94 0 

. \ 47J ·4P,.3flfO .!".0(}74 
/ 

472 .1P.4530 5.009 
473 48.5199 5.043 
47!1 .1E.58F.c:'I 5.077 
475 ·4R.f'539 5 .. 111 
476 48.7209. 5.145 
477 !18.7P79 5.179 
47P. /- 4P. .8549 5.213' 
47Q 48.9220 5.247 
480 48.9,890 5.2RO 
481 49.0560 c: ~iL!. 

_). _...i- ... 

482 40..123J 5.3 L1 R 
4R3 '\ 49.1901 5. 3R 2 
484 4q.2572 5.415 
485 .1Q.32L12 5.4il~ 
~p,:: 119.3913 ~.A82 
A87 49.4584 5.516 
4·~P 49.525~ 5.~49 
489 49.59261 

'-
5.5P.3 

.190 49.6597 5.61fi 
491 49.7268 5.649 
492 49. 7 93 9 5.683 
493 'L1 9.861G- 5.716 
494- 40.92R1 5.749 
.1~5 L19.9953 5 .. 782 

.4 C?6 50.0n,24 5.815 
497 50.129(; ,5.R48 
49R 50.1967 5.8Bl 
4~9 50.2639 5.91t. , 500 50.3311 5.947 
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APPENDIX F (CONTINUED) 

.' 

501 50.3982 5.980 
502 50 • .1115.1 h.013 
SG3 50.532(} 6.045 
50Ll \ 50. 59 Q R h.r.78' 
505 50.6(;70 h 111 

.' .................. 
'5 Or, 50.73.12 h.143 
507 ~,O. 801 4 6.17f. 
SOP 50.Ar.?7 f:\.20 P 

50? 50.~35?' 6.2.11 
51n 51. 0032' 6.273 
r -, , 

51.C7C~ ~.~~£ .J,L,L 

~,12 51. 1377 0.332-
513 t;1 

.... ..J... • ?O"? ('.37(1 
52.L1. 51- 2722 (' • t-·O 2 
52.5 52.. 33C!5 (. t ':l;:; . ~~ 
516 S2..AOf7 () .t:f-·7 
t;i"1 
.... ..L. I 5} .• 474C f..t S ~ 
518 1::1 ... ~ ....... 5.1J.3 6.531 
519 52..SCP.6 6.563 
.520 51.f.759 6.5~5 
52l 5l.7.133 6. F27 
522 51. 8} 06 , 6.0:,9 
523 Sl.R779 6.1=;91 
524 t::,l 

"- --. 9.153 6.723 
525 52.0126 6.756. 
52(; -52.0800 h..7P.F. 
57.7 52 .. 147.3 (; <:>1 q 

~. -.. , 

528 52.2l47 h .. O.19 

52~ 52.2821 n.8R1 
530 52.3495 (;.913 
531 52-.4168 6.9L14 
532 52.l\8~2 6. cnr.. 
533 5 /.. 5516 7.007 
534 52.6191 ?O3? 
53t; 52.68(,5 7.070 
53(' 52.7530, 7.101 
537 52.8213 7.132 
53P 52.RPR9. 7.163 
539 52.9562 7.195 
540 53.0237 7.22(; 
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APPENDIX F (CONTINUED) 

54·1 53.0911 7.257 
5.12 53.1SI1(' 7.288 
5.13 53.22f11 7.31Q 
S.14 53.2°36 7.3S0 
t;t1'" _ oJ 5.3.3610 7.381 
546 53. 428.5 7 • .112 

.. ' 547 53.4960 7.443 
548 53;.5635 7.473 
540 53.6311 7.50t1 
550 53.6SBG 7.535 
551 53.76(;1 7.565 
552 53.8337 7.596 
553 53.9012 7.617 
554 :5'3.9G8? 7.657 
C) 55 5t1.0353 7. F,pp. 
556 5 tt .103S 7.718 
557 54.1715 7 .. 749 
S~R 54.2390 7.770 
55·'1 54.306f 7.809 
560 5·4.37.12 7.P4C 
5f\1 .54.4418 7.870 
5€)2 S4.~094 7.S00 
563 5Ll.5770 7.0.30 
564 ,5 Ll • 6 t1, 11 7 7.960 
~6C) C;4.7123 7.9°1 
5f-£, 5.1.7799 8.021 
567 5·4.847(-; 8".051 
5fi8 54.9}52 R • OR] 
569 54.9829 .8.111 
570 55.0505 8.1Ll1 
571 55.11P.2 8.170 

- 572 t:.!:" i.r: c: 0 0 ',",r --- ---"'" v __ v'"' 

573 55.2536 R.230 
57 11 55.3213 8.2r.C 
575 55.3890 8.289 

..., 57(' 55 • .1567. 8.319 
577 55.._ 524Ll 8.3/19 
578 55.5921 8.378 
57 0 55.65(\8 8.403 
580 55.727'1 8.437 

\ 

I 
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581 55.7°53 8.4()7 
5R 2 55.P.f.31 8.49G 
583 55.930r. p.526 
SR?1 55.9°P,f. 8.555 
58 r:; 5F.OF.<=;.1 P.5P4 
5Rf 56.1341 8.F,ltl 
587 56.2019 8.F.43 , 58.P Sf..2h97 R.F7? 
589 56.3375 8.701 

r 590 Sf..4053 , 8.730 
591 56.4731 8.7hC 
592 56.5410 ) E.789 
593 56. Ger-I=! 8.~lR 
5S4 56.6766 8 .. 8.17 
595 56 .. 74.15 8.876 
5?r; 5~.P123 8. ~O4 
597 5(;.P802 8.933 
598 56.9480 8.962 i, 

599 57.0159 R 00 i 
"" . -" .. ' ...... 

600 57.0R38 9.020 

" 

. ' 
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